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Abstract
We show for the first time, that a fully cosmological hydrodynamical simulation can reproduce key
properties of the innermost region of the Milky Way (MW). Our high resolution simulation reproduces
qualitatively the profile and kinematics of the MW’s boxy/peanut-shaped bulge, and hence we can
use it to reconstruct and understand the bulge assembly. In particular, the age dependence of the
X-shape morphology of the simulated bulge parallels the observed metallicity dependent split in the
red clump stars of the inner Galaxy. We use this feature to propose an observational metric that (after
calibrated against a larger set of simulations) might allow us to quantify when the bulge formed from
the disk. The metric we propose can be employed with upcoming survey data to constrain the age
of the MW bar. From the split in stellar counts we estimate the formation of the 4 kpc scale bar in
the simulation to have happened tbarform ∼ 8+2−2 Gyr ago, in good agreement with conventional methods
to measure bar formation in simulations. We test the prospects for observationally differentiating the
stars that belong to the bulge/bar compared to the surrounding disk, and find that the inner disk and
bulge are practically indistinguishable in both chemistry and ages.
Subject headings: galaxies: individual Milky Way — galaxies: bulges — galaxies: kinematics and
dynamics — galaxies: formation — dark matter — methods: numerical
1. INTRODUCTION
Almost 50 percent of all nearby galaxies show signs of
a boxy or peanut shaped bulge (Lu¨tticke et al. 2004) and
our galaxy, the Milky Way (hereafter, MW), is observed
to host a boxy/peanut shaped bulge and a galactic bar
(Okuda et al. 1977; Blitz & Spergel 1991; Weiland et al.
1994; Dwek et al. 1995). The major axis of the MW’s
Galactic bar is inclined by about 27◦ with respect to the
line-of-sight and it reaches out to about 3.5 kpc (Gerhard
2002; Wegg et al. 2015) with the bar extending in the
plane up to about 5 kpc (Portail et al. 2017).
The formation scenario of boxy/peanut-shaped bulges
from the galactic disk is well studied in idealized sim-
ulations and several mechanisms have been identified
where by stars of the disk become the boxy bulge. Iso-
lated N -body simulations of galaxies have shown that
boxy/peanut bulges can form in-situ via disc instabili-
ties (Bureau & Freeman 1999; Athanassoula & Martinez-
Valpuesta 2009), where flat discs develop a bar after
only a few revolutions. This bar then puffs up into a
boxy/peanut bulge structure (Raha et al. 1991; Merritt &
Sellwood 1994; Bureau & Athanassoula 2005; Debattista
et al. 2006) via a vertical instability, the so called buck-
ling instability. The formation of boxy/peanut bulges
has also been explained by orbit trapping, into a verti-
cal Lindblad resonance during bar growth (Combes &
Sanders 1981; Quillen 2002; Quillen et al. 2014) and via
orbits associated with vertical resonances (Combes et al.
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1990; Pfenniger & Friedli 1991). However, there is no
overall agreement as to what specific orbits and in what
relative fraction actually make up the boxy/peanut bulge
of the Galactic bulge of the MW (see e.g. Portail et al.
2015a,b).
The observational evidence suggests that the MW’s
boxy/peanut bulge has, in large part, formed from the
disk (e.g. Ness et al. 2012). However, the time of for-
mation and the details of the subsequent evolution are
uncertain. Additionally, the fraction of any underly-
ing component that is not associated with the disk and
whether this is a classical bulge or part of the inner halo,
is under debate.
The bulge is not only observed to be boxy in photo-
metric images, but the red clump stars in the center of
our Galaxy are split into two components well separated
along the line of sight (Nataf et al. 2010; McWilliam &
Zoccali 2010). The interpretation of this phenomenon
is an underlying X-shaped structure in the bulge (Li &
Shen 2012; Saito et al. 2011; Ness et al. 2012), a clear
signature of formation from the disk. This split shows
different properties for different metallicity populations;
the metal rich populations show the strongest split, the
metal poor stars a weaker split, with no split seen below
[Fe/H] < -0.5 (e.g. Ness et al. 2012; Uttenthaler et al.
2012; Rojas-Arriagada et al. 2014a).
Many N -body models of bulge formation starting from
a pure thin disc with evolving disc instabilities can alone
explain the overall observed characteristics of the MW’s
bulge (Martinez-Valpuesta & Gerhard 2013; Va´squez
et al. 2013; Gardner et al. 2014; Zoccali et al. 2014).
Data from the BRAVA (Howard et al. 2008), ARGOS
(Freeman et al. 2013) and APOGEE surveys (Majew-
ski et al. 2015) have revealed cylindrical rotation in the
bulge of the MW (Howard et al. 2009; Ness et al. 2013b,
2016b) which is characteristic of an in-situ boxy/peanut
bulge. Moreover, using BRAVA kinematics (Kunder
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et al. 2012), Shen et al. (2010a) constrained any merger-
generated component of the bulge to be less than 8 per-
cent.
However, the stars in the MW’s bulge show not only
different morphology as a function of metallicity (De´ka´ny
et al. 2013; Portail 2016, e.g.) but also different kinemat-
ics. This is most dramatic for the small fraction (∼ 5%)
of most metal poor stars in the bulge, [Fe/H] ≤ -1 dex
(Kunder et al. 2016; Ness et al. 2013a), but is seen across
the full metallicity distribution function, which extends
from –3 < [Fe/H] < 0.6 dex. These differences have been
explained as being a consequence of composite popula-
tions in the inner MW. Several studies (e.g. Clarkson
et al. 2008; Hill et al. 2011; Gonzalez et al. 2011) have
decomposed the MDF of the bulge into two stellar pop-
ulations, which have different kinematics. These authors
associate the metal-rich, rapidly rotating and dynami-
cally cold population they find with a boxy/peanut bulge
with disc origin. The metal-poor component, dynami-
cally hotter, more slowly rotating population has been
associated to be an old classical bulge component (e.g.
Rojas-Arriagada et al. 2017) although no final agreement
about this interpretation exists (e.g. Zoccali & Valenti
2016).
Using the ARGOS survey, Ness et al. (2013a) showed
that the metallicity distributions of stars in the inner
Galaxy can be represented by five different components,
which these authors associated with the thin disk, the
thick disk, the boxy peanut bulge, and also a very small
population at the lowest metallicities, of metal weak
thick disk and halo. Debattista et al. (2017) has ex-
plained these composite populations, where by the stars
have different properties as a function of metallicity, us-
ing idealized N -body simulations and isolated hydrody-
namical simulations of galaxy formation, largely in ini-
tial radial velocity dispersion, which leads to separation
in evolution. They show that a bar is able to separate
initially co-spatial populations of stars if only their initial
radial velocity dispersion is different. Portail et al. (2017)
have used these observational data to constrain the den-
sity distribution and morphology of stars in the inner
region with their associated properties and find distinct
separation in morphology are associated with the differ-
ent observed kinematics as a function of metallicity. Di
Matteo et al. (2015) use the observational data with their
N-body simulation to determine that both thin and thick
disk are necessary to explain the observed kinematic be-
havior in the MW.
While isolated simulations and controlled N -body ex-
periments (e.g. Di Matteo 2016; Athanassoula et al. 2017;
Fragkoudi et al. 2017) are ideal to study the mechanisms
at play in shaping the bulge and are able to well ex-
plain the observed kinematics, they ultimately exclude
the chemical enrichment history of star formation and are
not able to properly model different temporal or chemi-
cal populations. Isolated hydrodynamical simulations of
galaxy formation, which include star formation and feed-
back do alleviate the problem of self-consistent chemical
enrichment and can well explain (compare) metallicity
trends. Nonetheless, even these simulations miss one key
ingredient to study the build-up of the bulge in a realistic
environment. Galaxies grow in a cosmological environ-
ment by accreting gas, forming stars, getting disturbed
and bombarded with satellite galaxies and self enrich the
TABLE 1
Simulation properties.
property particle mass Force soft. Smoothing length
[105 M ] [pc] (median, min.) [pc]
DM 5.141 620 -
GAS 0.938 265 (155, 20)
STARS 0.313 265 -
gas with metals by stellar feedback. Including all these
phenomena is absolutely necessary in order to study the
different components of galactic bulges and explain their
origin. Furthermore we need to consistently be able to
reproduce properties of the universe on the smallest and
largest scales.
Cosmological simulations are the means to link and
understand the far and near universe, but have typically
had a hard time reproducing realistic bulges observed
in spiral galaxies. Due to its inherent hierarchical na-
ture, ΛCDM simulations of galaxy formation predict that
galactic spheroids are primarily built up through hierar-
chical mergers (e.g. Kauffmann et al. 1993; Abadi et al.
2003; Kobayashi & Nakasato 2011; Guedes et al. 2013)
which produce an old classical bulge, incompatible with a
boxy/peanut shaped bulge, as is observed in our Galaxy
(Weiland et al. 1994; Dwek et al. 1995).
In this paper we use, for the first time, a fully cosmo-
logical hydrodynamical simulation of galaxy formation to
study the inner region of a galaxy showing a bulge that
is like that of the MW. We will establish the similarity
of the simulated bulge with the observed features of the
MW bulge - and critically - we can make predictions for
the properties of the bulge, the bar and the surround-
ing disk in age, chemistry and dynamics. By comparing
the properties of bulge stars to properties of other com-
ponents of this galaxy (thin, thick disc or halo) and by
tracing the stars from the inner region through time we
can understand the mass assembly of the bulge and dis-
entangle effects of secular evolution from accretion.
This paper is organized as follows: In §2 we present
the model galaxy, its general properties and describe the
simulation code. We continue in §3 with a comparison of
general bulge properties of our simulation and properties
including the rotation and dispersion profiles of bulge
stars and the split in the line-of-sight counts of stars,
which we examine in different age bins. We develop an
observational metric to measure the age of the bar from
the split, a critical step toward making quantifications
from simulations to directly test with new generations of
surveys. In §4 we turn to compare properties of stars in
the bar with stars in the disc showing neither chemistry
nor ages will allow the populations to be distinguished.
Finally in §5 we summarize our results and conclude.
2. SIMULATION
The simulation analyzed in this work is a higher-
resolution version of the galaxy g2.79e12 from the Nu-
merical Investigation of a Hundred Astronomical Ob-
jects (NIHAO) project (Wang et al. 2015). The hydro-
dynamics, star formation recipes and feedback schemes
exploited are the same as for the original NIHAO runs,
which we summarize below.
Galaxies from the NIHAO sample have been proven
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Fig. 1.— Stellar composite image of the galaxy in face-on and
edge-on projections. We use i, v, u-band fluxes to create the r,g,b
maps. The colors are based on luminosities found using Padova
Simple Stellar populations from Girardi and Marigo (Girardi et al.
2010; Marigo et al. 2008). We did not run a radiative transfer code
to account for dust attenuation.
to match remarkably well many of the properties of ob-
served galaxies. This includes results from abundance
matching (Wang et al. 2015), the local velocity function
(Maccio` et al. 2016), metal distribution in the Circum
Galactic Medium (Gutcke et al. 2016) and the properties
of stellar and gaseous discs (Obreja et al. 2016; Dutton
et al. 2017) or the morphological properties of high mass
galaxies at high redshift (z ∼ 0.5− 3) (Buck et al. 2017).
Therefore this galaxy is well studied and because it has a
strong bar it is well suited to investigate the kinematical
and morphological properties of a bulge system similar to
the MW’s bulge. An impression of the galaxy’s face-on
and edge-on projections is given in Fig. 1.
2.1. Hydrodynamics
This high-resolution simulation was run with a mod-
ified version of the smoothed particle hydrodynamics
(SPH) code GASOLINE2.0 (Wadsley et al. 2017) which
includes substantial updates to the hydrodynamics as de-
scribed in (Keller et al. 2014) to alleviate known short-
comings of the SPH method (Agertz et al. 2007). The
modifications of the hydrodynamics improve multi-phase
mixing and remove spurious numerical surface tension
Ritchie & Thomas (2001). We adopted a metal diffu-
sion algorithm between particles as described in Wadsley
et al. (2008) and the treatment of artificial viscosity has
been modified to use the signal velocity as described in
Price (2008). Furthermore, the Saitoh & Makino (2009)
timestep limiter was implemented and ESF-GASOLINE2
uses now the Wendland C2 smoothing kernel (Dehnen &
Aly 2012) to avoid pairing instabilities.
Gas cooling is implemented via hydrogen, helium, and
various metal-lines as described in Shen et al. (2010b)
0 2 4 6 8 10
R [kpc]
0.00
0.05
0.10
0.15
0.20
0.25
0.30
A 2
(R
)/A
0(
R)
13.8 Gyr
12.4 Gyr
10.8 Gyr
8.6 Gyr
7.0 Gyr
5.8 Gyr
4.2 Gyr
3.3 Gyr
Fig. 2.— Bar strength as a function of radius as calculated from
the ratio of the fourier components A2/A0 for different times in
the simulation. A prominent bar forms around ∼ 7 Gyr after the
big bang at a redshift z ∼ 1.
and cooling functions are calculated using cloudy (ver-
sion 07.02; Ferland et al. 1998). Furthermore the ef-
fects of photo heating and ionization from the Haardt &
Madau (2005) UV background and from Compton cool-
ing in a temperature range from 10 to 109 K are included.
2.2. Star Formation and Feedback
The star formation recipe in the simulation follows the
one described in Stinson et al. (2006). Dense and cool gas
(nth > 10.3 cm
−3, T < 15, 000K) is eligible to form stars
reproducing the Kennicutt-Schmidt Law. The threshold
number density nth of gas is set to the maximum density
at which gravitational instabilities can be resolved in the
simulation: nth = 50mgas/
3
gas = 10.3 cm
−3, where mgas
denotes the gas particle mass, gas the gravitational soft-
ening of the gas and the value of 50 denotes the number
of neighboring particles.
Two modes of stellar feedback are implemented as de-
scribed in Stinson et al. (2013a). The first mode models
the energy input from stellar winds and photo ioniza-
tion from luminous young stars and happens before any
supernovae explode. The energy input for this mode con-
sists of the total stellar flux, 2×1050 erg of thermal energy
per M of the entire stellar population and the efficiency
parameter for the coupling of the energy input is set to
ESF = 13% (Wang et al. 2015).
The second mode models the energy input from super-
novae and starts 4 Myr after the formation of the star
particle. It is implemented using the blastwave formal-
ism as described in Stinson et al. (2006) and applies a
delayed cooling formalism for particles inside the blast
region to avoid the artificial fast energy loss of the feed-
back energy in the dense regions of the interstellar gas
surrounding the supernovae explosions due to its efficient
cooling. See Stinson et al. (2013a) for further informa-
tion and an extended feedback parameter search.
2.3. Galaxy properties
This galaxy has been run using cosmological parame-
ters from the Planck Collaboration et al. (2014), namely:
Ωm =0.3175, ΩΛ=0.6825, Ωb =0.049, H0 = 67.1 km s
−1
Mpc−1, σ8 = 0.8344. The mass resolution of this simu-
lation is mdark = 5.1 × 105M for dark matter particles
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TABLE 2
Properties of the g2.79e12 galaxy: total virial mass, M200, virial radius, R200, dark matter mass, Mdark, total stellar mass within
0.1R200, Mstar, total gas mass, Mgas, mass of gas within 0.1R200, M
gal
gas, disk scale length, Rd, disc scale height, Hz, circular velocity at 8
kpc, Vcirc and radial extension of the bar, Lbar.
M200 R200 Mdark Mstar Mgas M
gal
gas Rd Hz Vcirc Lbar
[1012M ] [kpc] [1012M ] [1010M ] [1010M ] [1010M ] [kpc] [kpc] [km/s] [kpc]
3.13 306 2.78 15.9 18.5 4.93 5.0 0.5 326.0 4.0
and mgas = 9.4×104M for the gas particles. The initial
star particle mass is set to 1/3 × mgas = 3.1 × 104M.
The corresponding force softenings are dark = 620 pc for
the dark matter particles and gas = star = 265 pc for
the gas and star particles (see also table 1). However,
the smoothing length of the gas particles (the scale of
hydrodynamical forces) can be much smaller, e.g. as low
as hsmooth ∼ 20 pc.
The main properties of this galaxy can be found in
table 2. The final total mass within the virial radius
(Rvir ∼ 300 kpc) is Mtot = 3.13 × 1012M and the stel-
lar mass of the galaxy (measured within 0.1× Rvir) is
Mstar = 1.59 × 1011M . The galaxy’s stellar disk has
a scale length of Rd ∼ 5 kpc and a total scale height of
Hz ∼ 500 pc within the innermost 5 kpc and Hz ∼ 1 kpc
in the outskirts at R > 10 kpc.
Before we turn our attention to the results of a de-
tailed analysis of our simulation let us spend a few
words on the bar of our simulation. Similar to the MW,
g2.79e12hr contains a bar. It is important to have a
good description of this bar because there is some con-
fusion in the literature as to what we call the bulge of
the MW. Some authors use the terminology pseudob-
ulge some use boxy/peanut bulge but all of them mean
the same thing. The structure we see in the center of
our MW is the bar, and this is the same as the bulge
(when viewed edge on, which appears to be boxy/peanut
shaped. Therefore, throughout the rest of the paper we
will use (boxy/peanut) bulge or bar for referring to the
same thing. If we take all stars in the inner region, in-
cluding the disk surrounding the bar, we refer to the
inner most region of the MW. At redshift zero the bar
in the simulation extends out to about 4 kpc from the
galaxy center. We characterize the bar in our simulation
using the m = 2 Fourier modes of the galaxy:
A2 =
∑
j
exp (i2ϕj)mj (1)
where mj and ϕj are mass and azimuth angle of the stars.
The sum extends over all stars in the considered region
(spherical bins) of the galaxy. This m = 2 mode encodes
the bar strength defined as
A2/A0 =
|A2|∑
jmj
(2)
We use this quantity to estimate the formation time of
the bar as a function of radius (see Fig. 2). In Fig. 2 we
show the bar strength A2/A0 as a function of radius at
several redshifts represented by the different colors. Af-
ter an initial strong fluctuation of the bar strength due to
a violent merger dominated phase before redshift z = 2,
the bar strength grows continuously from redshift z = 2
onwards. Before z = 1 the value of A2/A0 in the inner-
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Fig. 3.— Age distribution of stars in the bar (orange histogram),
the inner disk (R < 3.5 kpc, black histogram) and the outer disk
(R > 3.5 kpc, gray filled histogram) in the galaxy at redshift z =
0. Stars belonging to the bar meet the following spatial selection
criteria: −3.5 < x/kpc < 3.5, −1.25 < y/kpc < 1.25 and −1.0 <
z/kpc < 1.0 while the inner disk is defined as the inner most 3.5
kpc of this galaxy excluding the bar.
most 4 kpc is relatively low, while after that time it shows
a larger value, A2/A0 ∼0.17. This is the signature of a
bar extending up to ∼ 4 kpc. The bar in this simulation
is first clearly visible in surface density images at redshift
z = 1.3 or ∼ 8 Gyr ago, and from then onwards it grows
in strength and size. At redshift z ∼ 0.75 or equivalently
∼6.5 Gyr ago, the bar buckles forming the boxy/peanut
bulge. This process causes a reduction in bar strength
and an increase in vertical velocity dispersion. Thus we
conclude that the bar in our simulation formed between
∼10 and 8 Gyr ago at a redshift of z ∼ 2 − 1 as can be
confirmed by visual inspection.
3. BULGE PROPERTIES: COMPARISON TO THE
MILKY WAY
In this section we compare the properties of the bulge
region of our simulation to key observations from our own
Galaxy to establish the similarity between the simulation
and the MW. In the analysis that follows we place the
Sun at (x,y,z)=(8,0,0) kpc and rotate the simulation such
that the bar is inclined at 27◦ with respect to the line-of-
sight to match the position of the Sun in the MW (Wegg
& Gerhard 2013). We then transform all coordinates to
galactic longitude and latitude (l, b).
In observations the metallicity of individual stars has
been used to infer the temporal evolution of the bulge
structure (i.e. metal poor stars are mostly old, metal
rich stars are mostly young). Ages for small samples
of individual stars have been measured using microlens-
ing events (see Bensby et al. 2017). For several reasons,
we use in this work the stellar ages of our star particles
directly and not the metallicity of the stellar particles
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Fig. 4.— Left panel: Milky Way 3.4µm image of the WISE satellite (Ness & Lang 2016). Middle panel: K-band image of the boxy/peanut
bulge of the g2.79e12 simulation in galactic coordinates. Right panel: K-band image of the bulge of the non-barred simulation g7.08e11
(Buck et al. 2018 a subm.). The two left most panels show clearly the boxy/peanut shape of the bulge region with a qualitative visual
similarity between the MW and the simulation analyzed here. In contrast, the right most panel shows one of our non-barred galaxies clearly
showing morphological differences with respect to the other two panels.
from our simulation. First, we find for this particular
simulation that stellar populations show a large scatter
in ages for single metallicity bins (see e.g. Fig. A in
the Appendix), similar to the results of Minchev et al.
(2017). This prevents a clean investigation of the tempo-
ral build up of structures in our simulations using stellar
metallicity. Second, the fundamental variable to measure
galactic formation and evolution is age, and it is straight-
forward to obtain in simulations. Observationally, stellar
ages are now being measured from spectra of bright red
giant stars in the bulge (Ness et al. 2016a; Martig et al.
2016). Therefore, our choice for stellar ages allows for
a direct link to new generations of spectroscopic surveys
[e.g. MOONS (Cirasuolo et al. 2012), APOGEE-2 (Za-
sowski et al. 2017) and Sloan V (Kollmeier et al. 2017)].
3.1. The age distribution of bulge stars
Fig. 3 shows the age distribution of the stars in our
model galaxy, for stars of the disk within 25 kpc from
the galactic centre and a height smaller than 6 kpc from
the mid plane. Three spatial bins are shown, (i) stars
in the inner galaxy, < 3.5 kpc of the galactic center
but excluding the bar, (ii) stars in the bar selected to
meet the spatial selection criteria −3.5 < x/kpc < 3.5,
−1.25 < y/kpc < 1.25 and −1.0 < z/kpc < 1.0, (for the
bar aligned with the x-axis) and (iii) stars of the disk
outside of the inner 3.5 kpc. Our model galaxy shows a
wide distribution of stellar ages ranging from 0 to ∼ 14
Gyr with a peak around 10− 11 Gyr and a tail towards
lower ages with a slight peak for very young stars (< 3
Gyr). The distribution of stellar ages in the outer disk
and in the bar is very similar. However, the inner disk
excluding the bar shows a lower (larger) proportion of
young (old) stars. This points towards a preferential ori-
gin of bar stars from the outer disk which we study in
much more detail in a follow-up paper (Buck et al. 2018
subm.). We will come back to the similarity of ages in
the inner disk region and those trapped in the bulge in
Section 4.3, when we discuss the origin of stars in the
bar.
Comparing our results to observed age distributions
for stars in the MW and its bulge we find very good
agreement. The total age distribution of stars in this
model galaxy is very similar the reconstructed one of the
MW by Snaith et al. (2015) using spectroscopic data from
Adibekyan et al. (2012). Their age distribution shows a
strong peak at ∼ 11 Gyr and a tail towards lower ages
with indications of a secondary peak at ∼ 3 Gyr well in
agreement with our simulation.
Using the APOGEE data set (Majewski et al. 2015),
Zhou et al. (2017) find a wide distribution of ages in the
bulge region of the MW. Their high metallicity popula-
tion shows ages ranging from 2 to 14 Gyr while their
metal poor population is slightly older with ages be-
tween 6 and 14 Gyr. This is consistent with the findings
of Bensby et al. (2013) and Bensby et al. (2017). The
age-metallicity relation reconstructed from the APOGEE
data is quite flat for stars in the bulge region, indicating
a wide range of stellar age populations at similar metal-
licities. This suggests the existence of multiple stellar
populations in the bugle region, ranging from young to
old. This is in very good agreement with the results ob-
tained from our simulation.
On the contrary, using ages derived from proper mo-
tion cleaned color magnitude diagrams the fraction of
young stars in the bulge region of the MW is found to
be less than 3.5% (Clarkson et al. 2008, 2011; Gennaro
et al. 2015). This discrepancy with the results of e.g.
Bensby et al. (2013) lead Haywood et al. (2016) to sug-
gest that an age-metallicity degeneracies might make a
young population undetectable using color magnitude di-
agrams (see recent review by Barbuy et al. 2018, for a
more detailed discussion).
3.2. Morphology: The visible X-shape and the split in
stellar counts
The MW contains a boxy/peanut shaped bulge with
a strong X-shaped structure clearly visible in photomet-
ric imaging. In Ness & Lang (2016) the X-shape of the
bulge is readily seen from the WISE satellite photome-
try, which penetrates the dust obscured inner-most re-
gion. This X-shape and the overall boxy/peanut bulge
morphology are not uncommon in extragalactic spirals
(Bureau et al. 2006; Gonzalez et al. 2017).
In Fig. 4 we show a K-band image of our simulation
side-by-side to the WISE 3.4µm image with data taken
from Ness & Lang (2016) to show the remarkable qual-
itative similarity between the morphology in the simu-
lation and in our own Galaxy. A feature of the pres-
ence of a peanut-shaped bulge is the X-shaped structure
which can often be seen if viewed side-on. In Fig. 5 we
show this feature for the different stellar populations of
the simulation. This figure shows the surface density of
stars in a thin slice of 1 kpc thickness centered around
the peanut bulge mid-plane. Starting from the youngest
stars the strength of the X-shape gets stronger with age.
Only the oldest stars do not show this feature. The X-
shaped morphology gets less prominent and more boxy,
or thicker (stars reach larger heights above the galactic
mid-plane) for increasingly older populations. The X-
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Fig. 5.— Side on surface density plots of a thin slice of thickness 1
kpc centered on y = 0 kpc of the X-shaped bulge in our simulation.
The sun’s position is assumed to be at (x, y, z) = (8, 0, 0) kpc. The
white dashed lines indicate the cones in which we do star counts
along the line of sight for Fig. 6. From top to bottom we show the
different age populations used in Fig. 6 from the youngest stars
(age< 2.5 Gyr) to the oldest stars (age> 10.0 Gyr).
shaped morphology is strongest for the intermediate age
population (2.5 < tstar/Gyr < 6.0), where the stars ex-
tend in the arms of the X to the highest latitudes and
trace orbits down to the lowest latitudes at the very cen-
ter. The respective mass fractions in the innermost 4
kpc in the four different age bins in terms of total stellar
mass of this simulated galaxy are: 10%, 12%, 18% and
18% for stellar particles in the age bins tstar/Gyr < 2.5,
2.5 < tstar/Gyr < 6.0, 6.0 < tstar/Gyr < 10.0 and
tstar/Gyr > 10.0.
The bulge of our own Galaxy can only be observed from
within the Galaxy. Thus to reconstruct the structure of
the bulge one has to rely on line-of-sight counts of stars.
The X-shaped structure of the bulge thus translates into
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Fig. 6.— Star counts as a function of distance from the sun in
different age bins for line-of-sights going through the center of the
galaxy (−2.0◦ < l < 2.0◦) at a height of 6.5◦ < |b| < 10◦ above the
galactic plane similar to ARGOS observations of our Milky Way
(Ness et al. 2013a,b). The Galactic center position is indicated by
the vertical dashed gray line at r = 8 kpc.
a double peaked distribution of stars as a function of
distance. This feature was first observed in our own
Galaxy from photometry in the star counts along the line
of sight (McWilliam & Zoccali 2010; Nataf et al. 2010)
and found from spectroscopy to be metallicity dependent
e.g. (Ness et al. 2012; Uttenthaler et al. 2012; Rojas-
Arriagada et al. 2014b). For the MW there have been
published various studies of star counts for sight-lines go-
ing through the center of the Galaxy (−2.0◦ < l < 2.0◦
at 6.5◦ < |b| < 10◦ above the galactic plane, e.g. Ness
et al. 2013a,b). We use the same sight-lines in our sim-
ulation which are indicated by the dashed white lines in
Fig. 5. From this we see that the anisotropic distribu-
tion of stars in the X-shaped structure lead to a double
peaked distribution of star counts. In Fig. 6 we show
the radial distribution of star counts in the bulge region
of our simulation. Similarly to the observations of the
MW bulge we count the number of stars as a function of
distance in the above mentioned sight lines. We restrict
ourselves to distances ranging from 5-11 kpc from the
Sun’s assumed position (thus ± 3 kpc from the galactic
center) and divide our stars into four different age bins.
The resulting split in the stellar line-of-sight counts of
stars in the simulation looks qualitatively very similar
to the observations of the ARGOS survey (Ness et al.
2013a,b). Up to a stellar age of 10 Gyr we see a split in
the radial distribution of stars and we checked that for
any age bins older than 10 Gyr we do not see a split.
Therefore we conclude that this population older than
10 Gyr is not part of the boxy/peanut structure. In Fig.
6 it is clearly visible that the peak separation becomes
smaller for progressively older stellar populations. This
is similar to what is observed for the MW – as a function
of stellar metallicity – where the metal poor population
is less separated compared to the metal rich population.
This is confirmed by the surface-density maps shown in
Fig. 5. The slight asymmetry of the line-of-sight counts
for the younger stellar populations visible in Fig. 6 can
be explained by the inclination of the cones use to count
the stars (see white dashed lines in Fig. 5). On the near
side the cones are close enough to the mid-plane to cut
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Fig. 7.— Evolution of the radial (left panel) and vertical (right panel) velocity dispersion of stars in the inner region (R < 3.5 kpc).
Color coding is the same as in Fig. 6 with blue lines showing stars younger than 2.5 Gyr, orange lines showing stars with 2.5 < age/Gyr
< 6, red lines 6 < age/Gyr < 10 and black showing the oldest stars with age > 10 Gyr.
right through the X-shape while on the far side the cones
are to far from the mid-plane and the X-shape does not
extend high enough above the mid-plane to fully intersect
with the cones.
The question of the origin of such a spatial separation
of different populations of stars was recently addressed
by Debattista et al. (2017) using pure N -body simu-
lations and an isolated simulation of galaxy formation.
These authors find that initially co-spatial stellar popu-
lations with different in-plane random motions separate
when a bar forms. In their simulations the stellar pop-
ulation with higher radial velocity dispersion becomes a
vertically thicker box while the radially cooler population
stays thinner and forms a peanut-shaped bulge. These
authors termed this mechanism kinematic fractionation.
One important prediction of this mechanism is that even
after the buckling instability of the bar, the disc stars
can be scattered by the bar to large heights above the
disc. As explained in Debattista et al. (2017, section 2):
as long as the bar is slowing down, therefore, the disc will
continue to thicken at different rates for different radial
dispersion populations, allowing the separation of popu-
lations to persist in subsequent evolution. This mecha-
nism is important in this simulation as we see the bar
forming around 8 Gyr ago. We also observe a strong
X-shape in the stars with ages between 2.5 and 6 Gyr
as can be seen in Fig. 5. This however points towards
further dynamical influences after bar formation acting
on the redistribution and star formation in the already
barred galaxy. E.g. Fragkoudi et al. (2017) have shown
that thin disc stars get trapped more easily in the bar
compared to thick disc stars which explains the enhanced
contribution of young stars to the bar compared to the
inner disc seen in Fig. 3.
We confirm with this fully cosmological simulation that
indeed the radial velocity dispersion is higher for older
stellar populations over the whole cosmic time of evolu-
tion which agrees with the picture presented in Debat-
tista et al. (2017). It is reassuring that the same mech-
anism is at work in pure N -body simulations and ideal-
ized, isolated simulations of galaxy formation as well as
in the fully cosmological context.These mechanisms thus
also seem to shape the galaxy in an environment where
there are many additional perturbations, from incoming
satellites and minor mergers, as per this work.
In Fig. 7 we show the evolution of the radial (left
panel) and vertical velocity dispersion (right panel) of
the four different stellar age populations as a function of
time. The color-coding of the lines is the same as for Fig.
6. For both panels we trace back all the stars within a
sphere of 3.5 kpc at redshift z = 0 and we calculate the
velocity dispersion in cylindrical bins aligned with the
stellar disc and then average over all bins, as in Debat-
tista et al. (2017). We see that the lowest radial disper-
sion is found in the youngest stars (blue line), and that
the radial velocity dispersion increases with increasing
stellar age. The vertical velocity dispersion of the stars
is much more similar among different sub-populations as
can be seen from the right panel of Fig. 7. The increase
in vertical velocity dispersion around 7.5 Gyr is due to
the buckling instability of the bar, and the spike in verti-
cal velocity dispersion at t ∼ 10 Gyr is due to a massive
satellite passing through the stellar disc of our simulated
galaxy causing almost equal extra heating of the stellar
populations. Interestingly the radial velocity dispersion
is less affected by the disc passage of the satellite.
As a last remark, we see gradual kinematical heating
of all stellar populations in the simulation. With cosmic
time the radial and vertical velocity dispersion of the
stars increases, although the relative increase is stronger
for the vertical velocity dispersion.
3.3. Kinematics: Rotation and dispersion profiles as a
function of stellar age
The stars in the inner MW (R < 3.5 kpc) show a dis-
tinct rotation and dispersion profile (Kunder et al. 2012;
Ness et al. 2013a; Zasowski et al. 2016). The rotation
is the mean radial velocity for stars at distances 5 to
11 kpc along the line-of-sight, as a function of galactic
longitude l and the dispersion profile is the velocity dis-
persion along the line-of-sight as a function of galactic
longitude l. In Fig. 8 we compare the rotation and dis-
persion profiles of the bulge stars in our simulation (for
all stars and for our four different age populations) with
observed profiles for the MW calculated from ARGOS data
– for all stars, across all [Fe/H]: this helps to guide the
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Fig. 8.— Rotation (top) and dispersion (bottom) profiles for stars of different ages for two different latitudes |b| = 5◦ (blue) and |b| = 10◦
(yellow). Rotation is the mean radial velocity for stars at distances 5 to 11 kpc along the line-of-sight, as a function of galactic longitude l.
The dispersion profile is the velocity dispersion along the line-of-sight as a function of galactic longitude l. Lines show the measurements
from ARGOS (Ness et al. 2013a,b) for the whole sample of MW stars and dots/triangles show the result obtained for our simulation. From
left to right, the panels show the profiles for: all stars, young stars (age < 2.5 Gyr), stars with ages 2.5 < age/Gyr < 6, stars with ages 6 <
age/Gyr < 10 and the oldest stars with age > 10 Gyr. The numbers in each panel indicate the amount of stellar particles in each sample,
the first for sight lines with |b| = 5◦, the second for |b| = 10◦.
eye to compare how the trends in the simulation change
with age.
In the left panels of Fig. 8 we compare the rotation
curves (upper panel) and the dispersion profiles (lower
panel) for all stars in the observational sample and all
stars in the simulation. Following the observations we
calculate rotation and dispersion in 2◦ sized bins in (l, b).
Due to the higher mass of our model galaxy compared
to estimated values of the MW, the rotation and disper-
sion values obtained from the simulation are slightly too
high compare to the observed values. Thus, we rescale
the rotation and dispersion values by a constant fac-
tor of ∼ 0.45 to match the observed dispersion value
at (l, b) = (0◦,−5◦) of the observations. This rescaling
is valid since the interesting feature of the observations
is not the absolute value of rotation or dispersion but
the particular shape of the profiles. After the rescaling,
the dispersion profile of all stars show excellent agree-
ment with the observed profiles (colored shaded bands)
for both latitude bins (b = −5◦ blue dots and b = −10◦
yellow triangles). Our simulation is able to recover the
flat dispersion profile for large heights above the plane
and the triangular peaked shape of the dispersion profile
closer to the disc mid-plane. The rotation profile of our
simulation shows the same qualitative behavior as the
observations but somewhat smaller maximum values of
rotation for the smallest and largest l-bins. The reason
for this is most likely a slight miss match in size of our
simulation and the MW.
The other eight panels of Fig. 8 show the rotation and
dispersion profiles for stars of our simulation in the differ-
ent age bins (chosen to be the same as in Fig. 6), together
with the profiles of all stars in the observations to guide
the eye (a closer, more direct comparison between simu-
lation and MW will be done in a follow-up paper). We
do not see large differences in the rotation profiles of dif-
ferent age populations. Note however that the rotation
is slowest for the oldest stars (the far right panel). This
is in qualitative agreement with the observations given
that metal-poor stars are generally younger than metal-
rich stars. Observationally, the rotation profile shows
only a very slight variation for different metallicity pop-
ulations in our MW for stars [Fe/H] > -1.0. (see e.g.
Ness et al. 2013b). However, for the most metal-poor
stars observed in the bulge, that is the 5% of stars with
[Fe/H] < −1.0, which have the highest dispersions, the
rotation is far slower than the more metal rich stars (on
the order of 50% of the more metal rich population, as
measured by ARGOS). The RR Lyrae population, which
peaks at [Fe/H] = -1.0 in the bulge, shows no rotation at
all, in the observations of Kunder et al. (2016).
We now turn to examining the dispersion profiles which
for the MW bulge stars show a strong variation for dif-
ferent metallicity populations (Ness et al. 2013a, 2016a;
Zasowski et al. 2016; Babusiaux 2016). The simulation
shows that with increasing age of the stars, the velocity
dispersion increases for both b-bins. This is in qualita-
tive agreement with what is seen in the ARGOS survey
for stars of decreasing [Fe/H], down to [Fe/H] > -0.5
(see e.g. Ness et al. 2013b, Fig. 6). Observations show
that the most metal-rich stars ([Fe/H] > 0) are, overall,
the kinematically coolest and show a triangularly peaked
dispersion profile at low latitudes (b = 5◦) and a flatter
dispersion profile at high latitudes (b = 10◦), across lon-
gitude (see e.g. Fig. 8).
Furthermore, the shape of the dispersion profile for the
low latitude value |b| = 5◦ changes in the simulation. The
dispersion profile for the lowest age bin shows a flatter
dispersion profile at b = 5◦ than the older stars and at
b = 10◦ it shows structure in the dispersion profile as
a function of longitude. From a visual inspection, we
find that this structure at b = 10◦ is due to the line
of sight selection of stars that are crossing the arms of
the X, and comprises the stars confined to the X-shape
orbits. Lower dispersion is indicative of stars that most
strongly trace out the X which are on coherent orbits.
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Fig. 9.— Surface density (left column), mass-weighted rotation (middle column) and dispersion maps (right column) for different stellar
age populations in (l, b)-projection for stars within R = 25 kpc from the center of our simulated galaxy. The first row shows the results
for all stars, the second row shows stars younger than 2.5 Gyr , the third row shows stars in the age range 2.5 Gyr up to 6 Gyr, the fourth
row shows stars in the age range 6 Gyr up to 10 Gyr and the bottom row shows stars older than 10 Gyr.
The triangular shape that is seen in the simulation at
low latitudes of b = 5◦, is due to an intermediate and old
stellar population (this peaked morphology is not present
for the youngest stars in the second panel from the left).
We should also point out that this simulation does not
reproduce two of the MW properties: 1) the almost lat-
itude independent dispersion of old stars as seen in the
MW for stars with –0.5 > [Fe/H] > –1.0, and 2) the pres-
ence of a very dynamically hot population with [Fe/H]
< –1.0 (Ness et al. 2013b). That the model does not
reproduce the kinematics of the most metal poor stars
indicates that there is some population missing from the
model (similar to Debattista et al. 2017). We conclude
that our model galaxy is able to qualitatively well repro-
duce the overall rotation and dispersion profiles seen for
the MW, but again there might be a population that is
missing in this division by age that matches the kinemat-
ics of the most metal poor stars. In the ARGOS survey
these show a latitude independent hot dispersion and the
RR Lyrae stars in the MW show negligible rotation and
significantly hotter dispersion than the more metal rich
stars. We will further elaborate on the different compo-
nents building up these profiles and the differences to the
observed profiles in a follow-up investigation.
3.4. Rotation and dispersion maps
Observational surveys, particularly those that target
distant stars in the bulge [e.g. APOGEE (Majewski
et al. 2015), ARGOS (Freeman et al. 2013), Gaia-ESO
(Gilmore et al. 2012), GIBS (Zoccali et al. 2014)] typ-
ically adopt a pencil beam survey approach as com-
pleteness in coverage is expensive. In Fig. 9 we com-
plement the rotation and dispersion measurements of
Fig. 8 done in only 18 bins in (l, b) by all-sky maps in
(l, b) of the same measurements. The left column shows
the surface density maps, the middle column shows the
mass-weighted rotation maps and the right panel shows
the mass-weighted dispersion maps for all stars within
R = 25 kpc from the center of our simulated galaxy.
Again we divide our simulation into different age bins.
The upper row shows the maps for all stars, the sec-
ond row shows only the youngest stars (< 2.5 Gyr), the
third row shows stars with ages 2.5 < tstar < 6.0 Gyr,
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Fig. 10.— Upper panel : Bar strength as a function of time mea-
sured within 2 kpc from the center of the galaxy. Middle panel :
Ratio of the dip height to peak height of the double peaked ra-
dial distribution of stars for stars in different age bins of width
500 Myr. Bottom panel : Ratio of peak separation to the sum of
the widths of the two peaks of the radial distribution of stars as a
function of radius for stars in different age bins of width 500 Myr.
The vertical dashed line indicates where for the first time a strong
bar can be visually detected in our simulation. Faint dotted lines
indicate lower and upper bounds for the point in time when the bar
forms as measured by our method and the shaded area indicates
the resulting uncertainty (see main text for detailed description).
the fourth row shows stars with 6.0 < tstar < 10.0 Gyr
and the bottom row shows only the oldest stars with
tstar > 10.0 Gyr.
From the surface density plots in the left column we
see that the scale height of the disc increases for increas-
ingly older populations while the scale length decreases
(see e.g. Stinson et al. 2013b; Haywood et al. 2013; Mari-
nacci et al. 2014; Bovy et al. 2016; Ma et al. 2017). In the
surface density map of all stars we see the peanut-shaped
(X-shaped) structure of the bulge, and by comparing the
surface density maps of different age populations we see
that this structure is most prominent in the two interme-
diate age bins. The youngest stars are too concentrated
to the mid-plane to exhibit the strong features high above
the plane while the oldest population is too spherically
symmetric.
In the rotation maps we see that the highest values
of rotation are found close to the galaxy mid-plane and
in the l-range of ∼ 5◦ < |l| < 25◦. Furthermore we see
that with decreasing age of the stars the rotation velocity
increases across all (l, b). The old stars show a more
spherically symmetric, slowly rotating configuration at
all (l,b), from the bulge into the disk.
The dispersion maps are most interesting and show
different structures as a function of stellar age. For all
populations (including for the oldest stars) we see the
lowest dispersion values in the disk mid-plane and far
away from the galactic center (−10◦ < l < 10◦), while
there is a peak in velocity dispersion in the galactic cen-
ter. For the younger stars (see second panel from top in
Fig. 8) the velocity dispersion peak in the center itself
shows a X-shaped substructure while for the older stars
it is more spherically symmetric. In agreement with the
findings from the rotation maps, we see that the disper-
sion maps show the lowest dispersion values for the young
stars and increasingly higher values for older stars.
4. KEY PREDICTIONS FOR OBSERVABLES
Having established the overall agreement of our simu-
lation with observations of the MW bulge, we will now
use this simulation to understand the formation scenario
of the bar/bulge in the simulation – and make predic-
tions for upcoming surveys. We will focus in the next
subsections on the age of the bar structure and the dif-
ferences between stars in the bar and the surrounding
disc and in Section 4 we will investigate the formation of
the bulge in detail.
4.1. Age of the bar and X-structure as measured from
the split in stellar counts
In Fig. 2 we have seen that the bar in our simula-
tion forms around 8 Gyr ago at redshift z ∼ 1. This
corresponds well with our results from Fig. 6 where we
found that the split in the stellar counts is visible only
for the stellar populations younger than 10 Gyr. Com-
bining this with previous findings, that the complex dy-
namics of stars under the influence of the bar causes the
X-shaped structure (see e.g. Di Matteo 2016; Debattista
et al. 2017; Fragkoudi et al. 2017), we propose that the
split in the stellar counts might be used to determine
the formation time of the bar of the MW. We do this
by linking the X-shape distribution as a function of stel-
lar age to the time of formation in the simulation. The
underlying assumption of this method is: (a) that the
effect of an evolving bar on disc stars is different for stel-
lar populations of different (radial) velocity dispersion,
and (b) there is significant evolution of the (radial) stel-
lar velocity dispersion with cosmic time, and thus with
stellar age. We present here a first idea how such a mea-
surement could be performed. We caution however, that
more simulations of barred disk galaxies and more de-
tailed studies on the dependence of the X-shaped struc-
ture on time of formation and the specific mechanisms
at play are needed to result in a robust age estimate of
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Fig. 11.— Evolution of the radial and vertical distribution of stars in the bar at redshift z = 0. For this figure we select stars in the
redshift z = 0 snapshot which belong to the bar and meet the following spatial selection criteria: −3.5 < x/kpc < 3.5, −1.25 < y/kpc < 1.25
and −1.0 < z/kpc < 1.0. Left panel : Radial distribution of stars in the bar at redshift z = 0 (black line) and for different snapshots at
earlier times in the simulation. Middle panel : Vertical distribution of the same selection of stars for the same selection of snapshots. Right
panel :Age distribution of stars in the innermost 3.5 kpc from the galaxy center for different heights above the stellar mid-plane. The blue
histogram shows the age distribution for stars with |z| < 0.5 kpc from the mid-plane, the orange one shows stars with 0.5 < |z|/kpc < 1.0
kpc, the red histogram shows stars with 1.0 < |z|/kpc < 1.5 kpc and the black histogram shows stars with 1.5 < |z|/kpc < 2.0 kpc.
the bar. However, this is outside the scope of this paper
and we proceed by laying out the principals of our idea:
We have seen that the peak heights and peak separation
of the double-peaked distribution of stars decreases with
increasing stellar ages until the double-peaked feature fi-
nally disappears for the oldest stellar bins and we are left
with a single-peaked distribution. Kinematic fractiona-
tion, as described in Debattista et al. (2017), has differ-
entiating effects on different stellar populations. Given
this, and that we know the formation of the bar precisely,
we might be able to calibrate the time of formation to
the distribution of stars as a function of their age, and
apply it to galaxies like the MW.
In the simulation the procedure is as follows: We di-
vide the stars in the simulation into different age bins
separated by 500 Myr and fit a double Gaussian to the
two peaks in the stellar counts as a function of distance.
From this we first determine, for every age bin, the height
C1(t) and C2(t) of the two Gaussians and average them
to a mean peak height Cpeak(t). We define the dip height
Cdip as the value of the double-Gaussian in the center at
R = 8 kpc. From the ratio of the central dip height to
the average peak height Cdip/Cpeak, we can determine
the time when the double-peaked distribution transits
into a single-peaked distribution. A similar measure can
be obtained from the ratio of the peak separation δR to
the sum of the widths of the two Gaussians σ1 +σ2. The
former ratio as a function of time is shown in the middle
panel of Fig. 10, while the latter ratio is shown in the
lower panel of Fig. 10. If we compare the evolution of
these two curves to the evolution of the bar strength, we
see that either a value of Cdip/Cpeak ∼ 0.5 or a value of
δR/(σ1 + σ2) ∼ 2 marks the formation of the bar in our
simulation (indicated by gray dashed lines in Fig. 10).
This agrees well with the expectation that a value of
Cdip/Cpeak ∼ 0.5 would correspond to a clear visual sep-
aration of two equal Gaussians with roughly a separation
of 3.33σ (full width at a quarter of a maximum). And a
value of δR/(σ1+σ2) ∼ 2 corresponds well to the fact that
for a separation of 2.355σ (FWHM) two equal Gaussians
can well be distinguished from a single peak distribution
(in this case Cdip/Cpeak ∼ 1). Clearly the agreement be-
tween the two different ways of measuring the separation
of the two Gaussians is not perfect. But this is due to
the fact that we do not deal with two identical Gaussians,
but with asymmetric Gaussians where the Gaussian peak
on the near side of the bulge is higher than the one on the
far side. Needless to say that the assumption of Gaussian
peaks is already a simplification. We therefore indicate
in the figure the extreme case of Cdip/Cpeak ∼ 1 and
correspondingly δR/(σ1 + σ2) ∼ 2.355 with thin dotted
lines. Taking these into account and given the fact that
the bar forms around tbarform ∼ 8+2−2 Gyr ago we are able to
calibrate the values of Cdip/Cpeak and/or δR/(σ1 + σ2)
to ∼ 0.5 and/or ∼ 2. However, we caution that this
method is used on only a single galaxy here. Calibration
against more simulations of barred spiral galaxies would
be needed in order to account for possible degeneracies
between actual formation time of the bar and its effects
on the stellar populations of the underlying disc. Fur-
ther calibrations would also enable a more robustly de-
termination of the values of Cdip/Cpeak and δR/(σ1+σ2),
which correspond to the formation of the bar. As we
detailed above we expect the bar to influence all stars
present in the inner disc. Thus the formation of the bar
does not coincide with the transition from a single peak
to a double peaked distribution and there can be stars of
all ages be found in the bar. We do not investigate the
role of diffusion over time of the stars in the bulge, where
the bulge stars lose the dynamical information linked to
their interaction with the bar. However, the observations
which show a strong correlation between the morphology
of stars in the bulge and their kinematics as a function of
[Fe/H] (and in the simulation as a function of their age)
is a strong indicator that this information is preserved.
This holds promise for the use of a metric as we propose
to age date the bar’s formation. Further testing and cali-
brating this method on a larger set of simulations should
be carried to to make a better informed estimate of the
formation time of the bar in the MW.
4.2. Where do the stars in the bar come from?
The bar (and the boxy-peanut bulge) of the simulated
galaxy formed around 8 Gyr ago, and as such two ques-
tions arise naturally: (1) what triggers the bar forma-
tion, and (2) where do the stars that currently belong
to the bar came from? We have checked visually that
no merger is responsible for triggering the bar instability
in this simulation. However, at redshift z = 1 when a
strong bar forms, we can identify two close encounters
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between satellites and the main galaxy after which the
bar is established (see Fig. A2 in the Appendix). This
might just be a coincidence, but investigating the con-
nection between close encounters and bar formation is
outside the scope of this paper and is left for future work
(see Zana et al. 2017, for a detailed discussion).
To address the second question, we trace backwards in
time the stellar particles of the z = 0 bar via their unique
particle IDs and analyze their spatial distributions at
each timestep. The procedure is as follows: We select
stars at redshift z = 0 in the center of the galaxy in a bar-
like structure. First we rotate the simulation such that
the stellar disc of our simulation lies in the x − y plane
and the long axis of the bar coincides with the x-axis. We
then select all the stars in the region −3.5 < x/kpc < 3.5,
−1.25 < y/kpc < 1.25 and −1.0 < z/kpc < 1.0. These
spatial cuts agree well with a visual identification of the
bar in surface density images and also agree with the as-
sumptions of Portail et al. (2015b) for the bulge region
of the MW.
Having selected these stars, we plot in Fig. 11 the
histograms of their radial distributions (left panel) and
their vertical distance from the mid-plane of the stellar
disc (middle panel) for increasingly earlier times (only
for those stars already born at that given time). We see
that most of the stars which are at present day in the
bar (black line) were born at small galacto-centric radii
(the sharp cut in the black histogram at R ∼ 3.5 kpc
marks our selection of the bar at z = 0). The histograms
of the radial distribution stay peaked around R ∼ 1 kpc
for all previous times shown. Only a few stars migrated
inwards. As a sanity check we tracked the position of
stars which have been in the bar already at redshift z = 1
down to redshift z = 0 and find similar results. Almost
all stars already in the bar at z = 1 stay there, only few
migrating outwards. These findings suggest that stars in
the bar region at the present day have a pure disc origin
as already suggested by Di Matteo (2016) and Fragkoudi
et al. (2017). In the left panel of Fig. 11 we can see that
there is a contribution of stars from outside 4 kpc to the
present day bar. This in combination with the findings
from Fig. 3 suggests that there exists a mechanism which
preferentially adds younger stars (thin disc stars) to the
bar but less so the inner disc (see also Fragkoudi et al.
2017).
The same result is found for the vertical height of stars
above the stellar mid-plane. Stars at earlier times in the
simulation show the same height distribution as stars at
redshift z = 0. The height distribution for the whole
sample stays almost unaffected. These findings might in-
dicate that the fractionation of of the early disc into the
boxy/peanut bulge was not purely kinematical but also
depends on the initial structure of the thick disc as sug-
gested by Di Matteo (2016) and Fragkoudi et al. (2017).
The scale height is slowly decreasing with cosmic time.
About 3 Gyr after the big bang we find scale heights of
almost 1 kpc. This reduces to a scale height of about
470 pc at redshift z = 0.25, or about 11 Gyr after the
big bang. These scale heights are almost twice as large
as the gravitational softenings of the stellar and gaseous
particles (∼ 260 pc) in this simulation and thus the disc
is at all times well resolved. Observations of stellar discs
at higher redshifts z ∼> 1 (e.g. Elmegreen & Elmegreen
2006; Elmegreen et al. 2017) show that scale heights at
these redshifts are of the order of ∼ 1 kpc. This is in
good agreement with the scale heights we find for our
simulation (see also Buck et al. in prep for a resolution
study of stellar disc scale heights). We have seen in Fig.
9 that younger stars show a thinner configuration and are
found closer to the stellar mid-plane. This behavior is an-
alyzed in more detail in the right panel of Fig. 11 where
we examine the age distribution of stars as a function of
height above the stellar mid-plane at redshift z = 0. For
simplicity we have selected all stars with galacto-centric
radius r < 3.5 kpc and grouped them into 4 different
bins in height (|z|/kpc < 0.5, 0.5 < |z|/kpc < 1.0 ,
1.0 < |z|/kpc < 1.5 and 1.5 < |z|/kpc < 2.0 ). We
then plot the distribution of stellar ages for every slice
of height above the mid-plane. In general, we see a dou-
ble peaked distribution with one old peak around stellar
ages of ∼ 9−10 Gyr and a younger peak with stellar ages
around ∼ 2 Gyr. Comparing the younger peak with the
older peak we see that there is a slight overabundance of
young stars close to the disc mid-plane (blue line) while
older stars are more abundant at larger heights from the
disc (red and black lines). This is in concordance with
the results from Fig. 9 where we have seen that young
stars are concentrated close to the disc mid-plane while
older stars can also be found at larger heights from the
disc. These findings are also consistent with the results
from Ness et al. (2014) who studied the bulge region in an
isolated simulation of galaxy formation and the results
from Di Matteo et al. (2014) who studied in detail the
formation of boxy/peanut bulges by means of idealized
N -body simulation. These authors find that all stellar
populations within the outer Lindblad resonance of the
bar get mapped into this structure which points towards
a pure disc origin of the MW bulge. A consequence of
this is that that bulge and disc populations show very
similar properties.
Putting together the results from Fig. 11 and Fig. 9
we conclude that the bar/bulge region in this simula-
tion is formed in-situ from the disc with stars belong-
ing to this region being locked-up there. For the whole
population we do not see considerable evolution in the
thickness nor in the radial component. However, we do
see that there are different sub-components present in
the bar/bulge region showing different spatial distribu-
tions with younger stars being found closer to the disc
mid-plane in agreement with observational findings from
Bensby et al. (2013) and theoretical results from Ness
et al. (2014).
4.3. Differentiating stars in the bar from stars in the
surrounding disk
Given our finding that most stars in the bar were locked
up in this structure since they were born, or at least
shortly after their birth, we now try to answer the ques-
tion if bar membership comes with a distinct imprint on
this stellar population, thus enabling disk and bar to be
distinguished.6 To test this, we select two samples of
6 That is, other than via their orbits, which are not a direct
observable. (Even with Gaia, observing the bulge is problematic
due to both reddening and crowing and the precision of proper
motions for stars that are observed at the distance of the bulge is
too low over the 5-year baseline of the mission to determine orbits
for stars in much of the bulge region).
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Fig. 12.— Properties of bar (orange histogram) and ”disc” stars (black histogram). The left panel shows the age distribution function for
bar and disc stars. The middle panel shows the metallicity distribution function and the right panel shows the oxygen abundance [O/Fe]
as a proxy for α-elements vs. metallicity. The thin lines show the 1σ scatter in [O/Fe]. For the other two panels the scatter is much smaller
than the line thickness.
stars: A) The bar sample, for which we select all the
stars of the bar which have a distance from the galaxy
center in the range 2 < R/kpc < 3.5 and which intersect
with our previous bar selection of −3.5 < x/kpc < 3.5,
−1.25 < y/kpc < 1.25 and −1.0 < z/kpc < 1.0 for the
bar lying in the x − y-plane and being aligned with the
x-axis. B) The disk sample, for which we select stars in
the stellar disc with the same radial distance from the
galaxy center but instead of being located in the barred
structure, we select them to belong to a barred struc-
ture 90◦ offset from the bar. For these two samples of
stars, we plot in Fig. 12 the distribution of stellar ages
(left panel), the distribution of stellar metallicities [Fe/H]
(middle panel) and the mean value of [O/Fe] for every
metallicity bin (right panel).
The age distribution of bar stars and disc stars looks
almost the same, except for a slight shift to younger
ages for the bar population, maybe indicating ongoing
star formation at the tips of the bar. Similar results are
found for the metallicity distribution of bar and disc stars
shown in the middle panel of Fig. 12. Bar stars and disc
stars show very similar distributions with the bar stars
offset to slightly higher metallicities. In the [O/Fe] vs.
[Fe/H] plot we do not see any differences between bar and
disc stars at all. The only subtle differences between bar
and disc stars fit in the picture of an in-situ formation of
the bar/bulge region from the disc, as laid out previously.
The slight distinctions can be explained by the different
densities of stars in the bar and the surrounding disc,
which differ for each population, e.g. the oldest stars do
not show a barred structure but a more spherically sym-
metric distribution, while for increasingly younger stars
the bar is more and more pronounced. Thus, one finds
in the same volume slightly more young stars in the bar
region than outside it. This explains the similarity, but
also the very slight differences in age and metallicity. We
find in our simulation that there is continued star forma-
tion in the center and maybe even in the bar such that
new, young stars are continuously added to the bar. The
near identical properties of the disk and bar populations
that we find in our simulation is aligned with observa-
tional results (e.g. Alves-Brito et al. 2010; Bensby et al.
2017). That the inner disk and bulge are practically in-
distinguishable is not an unexpected result given that
the bar formed from the disk at early times. In the sim-
ulation, the differences in the overall distributions are
simply a consequence of the different spatial profiles of
these structures.
5. SUMMARY AND CONCLUSION
In this study we presented a high resolution cosmolog-
ical hydrodynamical simulation of a galaxy, whose bulge
properties are in remarkable good agreement with MW
observations. We used this simulation to study in detail
the different stellar constituents of the bulge and bar re-
gion, their kinematical and chemical properties and their
origin, and to make predictions for up-coming spectro-
scopic surveys like MOONS (Cirasuolo et al. 2012), 4-
MOST (de Jong & Consortium 2015), APOGEE-2 (Za-
sowski et al. 2017) and Sloan V (Kollmeier et al. 2017).
Our main results can be summarized as follows:
• We compare stellar counts in our simulation to the key
observations of a double-peaked distribution in the
line-of-sight star counts towards the Galactic Center,
and find an excellent qualitative agreement between
the two. All stars younger than 10 Gyr in our sim-
ulation show a split in the line-of-sight counts with
increasing peak separation for younger stars (see Fig.
6 ).
• We find that in our simulation the bar leads to a frac-
tionation of the boxy/peanut bulge. By tracing the
different stellar populations of the bulge region back
in time, we find that the kinematic properties of the
stars are in agreement with the idea of kinematical
fractionation (Debattista et al. 2017). We also find a
significant contribution from young stars to the bar
which implies further dynamical effects present in the
already barred galaxy.
• The secular evolution under the influence of the bar
separates initially co-spatial populations of stars into
different orbit families, thus resulting in a different
strength of the X-shaped structure for different stel-
lar populations (see also Di Matteo 2016; Fragkoudi
et al. 2017, for the dependence of fractionation in
boxy/peanut bulge on the initial structure of the early
thick disc).
• In Fig. 8 we compare the kinematics of the stars in the
bulge region of our simulation with observed kinemat-
ics of the MW bulge stars taken from ARGOS, and
find an excellent qualitative agreement. The shape of
the rotation and dispersion profiles agree very well, al-
though the rescaled (absolute) values for rotation and
dispersion of this simulation are lower (higher) than
those observed for the MW due to a higher stellar
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mass of the simulated galaxy. In the same figure we
show the rotation and dispersion profiles for different
age populations of stars in our simulation predicting
what one would see if ages were available for MW
stars.
• The peak separation in the split of star counts along
the line-of-sight and the age of the stellar population
are correlated (Fig. 6). Younger stars show larger
peak separation. Furthermore, we find, in agreement
with results from Debattista et al. (2017), that the
split is due to the bar separating different stellar pop-
ulations. We propose that this might be used to mea-
sure the age of the bar in the MW. Using a Fourier
analysis of our simulation (see Fig. 2) we find an age
of ∼ 8 Gyr for the bar and we calibrate a measure-
ment involving stellar line-of-sight counts of stars in
the bulge.
• Most of the bar stars at z = 0 were born at small
radii (Fig. 10). Furthermore, our simulation suggests
once stars are in the bar they are locked up there.
• We compare the properties of stars in the bar (with
radii between 2 and 3.5 kpc) and the inner disc (same
radii but 90◦ offset from the bar). We find almost
indistinguishable age, metallicity and oxygen abun-
dance distributions, (compare Fig. 12). We conclude
that simple cuts in age, metallicity or oxygen abun-
dance are not sufficient to discriminate stars that re-
side in the disc from those in the bar.
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Fig. A1.— Star formation history for stars in different metallicity bins. The black line shows the galaxy’s total SF history and colored
lines shows the SF history for stellar populations of different metallicity. Note the extended period of star formation for stars in the
metallicity bin 0.0 <[Fe/H]< 0.5.
Fig. A2.— RGB image of the galaxy at redshift z = 1 in face-on (left panel) and edge-on (right panel) view. This figure shows the
snapshot from which onwards a strong bar is visible in the simulation. Interestingly this is also the point in time at which we can observe
a close encounter of two satellites with the main main galaxy. The rendering technique used is the same as for Fig. 1 in the main text.
APPENDIX
A. SFR FOR DIFFERENT METALLICITY BINS
